The initial trauma to the spinal cord is just the starting point for a cascade of endogenous events that will collectively determine the injury extension. These secondary events include, but are not limited to: glutamate excitoxicity, induction of apoptotic pathways, ionic imbalances and the development of a strong and dysfunctional inflammatory response. The secondary injury is associated to an aggravation of neuronal damage increasing the extent of neurological deficits (Ek et al., 2010) .
The delayed secondary injury, lasting hours, days or even months, represents an attractive time-window of opportunity for neuroprotective therapeutic interventions.
The main purpose of such therapies is to prevent or antagonize secondary events therefore protecting spared/surviving neural tissue and avoiding the extension of neurological impairments (Vasconcelos et al., 2016) .
The strong inflammatory response developed after spinal cord injury (SCI) is overall regarded as a detrimental phenomenon to recovery and has been a target for the development of therapeutics for SCI.
The infiltration of immune cells within the nervous system parenchyma held a long-lasting bad reputation based on other neurological diseases whose etiology is characterized by an abnormal immune infiltration into the central nervous system (CNS) parenchyma. Moreover, particular anatomical features of the CNS that reduce neuroimmune interactions, such as the presence of barriers (blood-brain barrier, blood-spinal cord barrier and the choroid plexus-barrier) sustain the notion that CNS tissue should be protected from immune cells to maintain its homeostasis and integrity.
Most of the therapies targeting inflammation developed in the last decades were anti-inflammatory strategies suppressing overall the immune response.
In fact the only approved therapy for treating spinal cord injury is methylprednisolone, a potent anti-inflammatory drug. However, effectiveness of methylprednisolone in spinal cord injury management is being largely questioned by studies showing reduced benefits of the routine administration of this drug and the higher prevalence of complications such as gastrointestinal bleedings or the higher susceptibility to infections (Evaniew et al., 2016) . These findings have led to guidelines recommendation of discontinuing methylprednisolone administration in SCI patients (Evaniew et al., 2016) . Curiously, in some clinical contexts, acute infusion of methylprednisolone is still an option even though the ratio between the benefits versus side effects being very small and the reason is simple -there is no better alternative, which illustrates the urgency of developing better therapies.
One possibility for the failure of the anti-inflammatory strategies is the fact that acute inflammation is integrated and needed for a successful tissue repair response. In line with this idea, studies on zebrafish, an animal model capable of fully recover from a SCI, demonstrated that inflammation plays a vital role in the regeneration process (Kyritsis et al., 2012) . In this study, zebrafish were no longer able to recover from a SCI, when acute inflammation was experimentally blocked (Kyritsis et al., 2012) .
A successful tissue repair response depends also on a rapid triggering of inflammation followed by a complex orchestration of different cells and molecular events that unfold in a temporal controlled manner. Acute inflammation consists in the infiltration of inflammatory cells specialized in tissue defense, cleaning and repair. One key cell in this process is the macrophage. Macrophages derive from monocytes and can acquire a diverse spectrum of activation states with different functionalities. The type of macrophage activation can range from the most proinflammatory, or classically activated phenotype (M1) to the anti-inflammatory or alternatively activated phenotype (M2).
The immune response to SCI at the initial stages has some resemblances of that in non-CNS injured tissues, with a rapid development of inflammation activating both endogenous (microglia) and infiltrating macrophages (Shechter and Schwartz, 2013) . At the lesion epicenter a mix of immune cells exhibiting different activation profiles (M1 and M2) can be found shortly after primary injury (Kigerl et al., 2009 ), which may be important for cleaning debris and fighting possible pathogens. In an efficient immune response to injury, macrophages should progressively adopt or be replaced by cells exhibiting activation states associated with tissue repair and regeneration (more M2 polarized) (Figure 1) . However in SCI, M1 macrophages quickly become the predominant cell type (Kigerl et al., 2009 ) with concomitant disappearing of M2 macrophages (Figure 1) . This response is associated with fibrosis, oxidative damage and further neurodegeneration contributing for the regeneration failure.
As more as we understand the functional role of the inflammatory response, the more evident becomes that this response can support both beneficial and detrimental effects to recovery.
The increased understanding of SCI pathophysiology and associated inflammatory response is shifting the research focus from developing anti-inflammatory to immunomodulatory therapies. The main aim of immunomodulatory strategies is at boosting immune cells displaying repairing/ regenerative while abrogating pro-inflammatory cells with strong oxidative response.
Currently, different strategies such as the use of biomaterials, cell-based therapies or molecular therapies have demonstrated promising immunomodulatory potential in pre-clinical models of SCI.
One such example is the use of scaffolds to form a biomaterial bridge serving as a pathway for regenerating neurons to bypass the lesion. While the primary aim of this sort of strategy is to optimize and direct axonal growth, the potential immunomodulatory ability has raise attention when designing these biomaterials. It has been shown that the mechanical properties of scaffolds can affect the number of immune cells infiltration but also the type of both innate and adaptive cells activation (Dumont et al., 2016) . Scaffolds specific features such as pore size or geometry can facilitate wound healing properties of macrophages.
Cell-based therapies also hold promise as a neuroprotective strategy for SCI recovery. This type of therapy mainly aims at re-populating the injury site, but has also demonstrated an interesting function at modulating the inflammatory environment. Both neural stem cells and mesenchymal stem cells have demonstrated a potential immunomodulatory role either through cell-to-cell contact but specially through the release of soluble factors (DePaul et al., 2015; Dumont et al., 2016) . Some of the immunomodulatory effects are the ability to decrease the amount of macrophage infiltration, increase the release of anti-inflammatory cytokines while decreasing pro-inflammatory cytokines, to promote alternatively activation of macrophages or to promote T regulatory cells (DePaul et al., 2015; Dumont et al., 2016) .
Other strategies rely on the manipulation of specific molecules to modulate inflammation to favour recovery (Gensel et al., 2015; Kwon et al., 2015; Francos-Quijorna et al., 2016; Lima et al., 2017) . For example, it has been shown that depending on the type of receptor activated in macrophages they can display neuroprotective or neurotoxic effects in SCI. The local administration of TLR2 agonist boosts macrophage reaction while protecting the tissue after SCI (Gensel et al., 2015) demonstrating the importance of local molecular signals for macrophages engaging activation phenotypes associated with tissue repair.
Another demonstration on the importance of the molecular environment for the type of immune response to SCI is the study by Kwon et al. showing that the presence of the chemokine, chemokine (C-C motif) ligand 2 (CCL2), at the injury drives a proregenerative activation phenotype by macrophages (Kwon et al., 2015) .
Molecules involved in the polarization of M2 macrophages have also shown to exert neuroprotective effects after SCI. For instance, the local administration of interleukin 4 (IL-4), an interleukin known to be central for M2 activation of macrophages have shown to benefit recovery (Francos-Quijorna et al., 2016) .
For most of the current immunomodulatory strategies the achievement of both histological and motor recovery after SCI are still far from ideal. One possibility is that most of these strategies only target the early inflammatory events not taking into account the temporal dynamics of the inflammatory response (Figure 1) . One example illustrating the importance of the temporal dynamics of the inflammatory response for the success of immunomodulatory strategies is related to IL-4 therapy. A delayed administration of IL-4 48 hours after injury is able to skew macrophages/microglia to a M2 phenotype contrasting with the acute administration that has no immunomodulatory effect (Francos-Quijorna et al., 2016) .
One major drawback of delaying the administration of the immunomodulatory drug is the fact of having to repeat a surgical procedure after the lesion for local delivery. Systemic administration while overcoming the need of repeated surgeries can lead to other complications such as off-target Our lab have now demonstrated, using a rat model of contusion thoracic SCI, that a repeated scheme of systemic administration of IL-4 for a week also exert neuroprotective effects (Lima et al., 2017) with no apparent complications. Systemic delivery is interesting since they are less invasive avoiding the unnecessary extra manipulation of delicate nervous tissue. The major drawback of cytokine therapies however, is that these proteins are known for their short half-life, potentially hampering the therapeutic efficacy of systemic delivery strategies. Our results showed that systemic administration of IL-4 promoted a significant elevation on the serum concentration of interleukin 10 (IL-10), an anti-inflammatory cytokine. Perhaps, more interesting, were the local effects of the treatment. Systemic administration of IL-4 was able to reduce the number of macrophages/microglia at the spinal cord. Still not understood is if this effect of IL-4 on macrophage reduction is due to less infiltration, less survival or increased drainage.
Importantly, in treated animals, macrophages displayed more ramifications while the macrophages from non-treated animals displayed a more rounded shape. Macrophages displaying a round shape are generally associated with pro-inflammatory phenotypes.
Consistent with a neuroprotective effect of our immunomodulatory strategy we found the presence of more neurons at the epicenter of the lesion after IL-4 treatment. The finding that IL-4 treatment was able to rescue surviving neurons at the lesion epicenter is particularly interesting since our model represents a severe lesion, and after two months of the injury almost no neurons can be found at the epicenter of the lesion from non-treated animals.
Although systemic IL-4 treatment led to interesting alterations at the histological level, the modest improvement seen at the functional level illustrates the need to improve current available immunomodulatory strategies.
Research efforts in the field are being placed in the optimization of current immunomodulatory strategies as their therapeutic value as an individual therapy is still unsatisfactory for full SCI recovery.
Moreover, advancements in the field also demonstrated the highly dynamic nature of this response with specific immune cell infiltration peaking at different time-points after the initial injury. Future immunomodulatory therapies should reflect the temporal dynamics of the inflammatory response and be administered accordingly to the inflammatory event targeted. For example, therapies targeting infiltrating macrophages should be administered 2-3 days after the injury since it is when macrophage infiltration peaks, or therapies targeted to adaptive responses should be administered at later time points.
For the specific case of systemic therapies the use of bioengineered solutions to target delivery or to avoid the rapid degradation of molecules in circulation can be an attractive option to optimize current therapies using bioactive molecules.
Spinal cord injury is complex triggering many pathological processes beyond inflammation. Most likely, therapeutic strategies in the future should reflect this pathological complexity, combining different approaches targeting different secondary events or regenerative strategies to maximize recovery potential.
